INTRODUCTION 45
Cupriavidus (formerly Ralstonia) metallidurans CH34, is a facultative hydrogenotroph, metal-46 resistant bacterium isolated from the sludge of a zinc-decantation tank in Belgium that was 47 contaminated with high concentrations of several heavy metals (2, 15, 23, 25) . The Joint Genome 48 Institute (http://genome.jgi-psf.org/finished_microbes/ralme/ralme.home.html) sequenced its entire 49 genome, revealing four replicons: the chromosome (3.9 Mb), a megaplasmid (2.6 Mb), and the two 50 large plasmids pMOL28 (171 kb) and pMOL30 (234 kb). C. metallidurans CH34 displays a variety of 51 responses or resistances to several heavy metals; plasmid curing and transfer experiments 52 demonstrated that the two plasmids were involved in metal resistance. 53
Plasmid pMOL28 was associated with resistance to Ni(II), Co(II), CrO 4 2-and Hg(II), and 54 pMOL30 to Ag(I), Cd(II), Co(II), Cu(II), Hg(II), Pb(II), and Zn(II). Cloning and sequencing of several 55 fragments from both plasmids revealed many determinants of resistance (cnr, chr and mer for 56 pMOL28, czc, pbr, mer, sil and cop for pMOL30) (1, 10, 18, 22, 27, 30) . The mechanisms of 57 resistance included chemo-osmotic efflux of cations with proton antiporters (family HME-RND) 58 encoded by czcCBA, cnrCBA and silCBA, cation diffusion facilitators such as CzcD and CnrT, and P-59 type ATPases for cytoplasmic detoxification (pbrA, copF and czcP). The large 60 copVTMKNS 1 R 1 A 1 B 1 C 1 D 1 IJGFLQHE cluster on pMOL30 (resistance to Cu(II)) is involved in 61 cytoplasmic (via copF) copper detoxification and similarly for the periplasm (27) via the six 62 copS 1 R 1 A 1 B 1 C 1 D 1 genes, which have numerous equivalents in other bacterial plasmids and genomes 63 (3, 21, 24, 27) . 64
From sequence analysis, we described the complete genetic content of both plasmids and their 65 organisation. A transcriptomic approach, using both RT-PCR and microarrays, targeting differential 66 expression of genes in cultures challenged by heavy metals, allowed us to identify many new genes 67 involved in the response to heavy metals. 68
69
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-Labelling and hybridization 121
Total RNA was extracted using the QIAGEN "RNeasy Midi kit". RNAprotect (Qiagen, UK) was 122 added to the cultures to stop the synthesis of RNA and prevent its degradation. Extracted RNAs were 123 stored at -80°C. The quality of total RNA was monitored using the BioAnalyzer 2100 (Agilent, USA). 124
Ten µg RNA of high quality was reverse-transcribed by random priming according to the Pronto kit's 125 instructions (Corning-Promega, USA) and labelled by incorporation of Cy3-dCTP or Cy5-dCTP 126 nucleotides (Amersham Bioscience, UK). Labelled cDNA derived from the different bacterial cultures 127 was resuspended in the Universal Hybridization buffer (Pronto kit, Corning-Promega, USA), mixed, 128 and added to the spotted slide for overnight hybridization at 42°C. The slide was washed according to 129 the Pronto kit's protocol. 130
-Scanning and analysis 131
The array was scanned with a laser scanner at 532-and 635-nm (Genepix4100A, Axon, Instruments, 132
The Netherlands). The image was analyzed with Genepix Pro software. Spot intensities were measured 133 and artefacts due to the circularity, shape, and background were removed. Statistical analyses were 134 performed using "S-PLUS". PrintTipLoess normalization was applied to the different slides. From the 135 four values obtained for each condition (two technical and two biological assays) the M mean average 136 of ratios (R/G) was determined, and the p-value was calculated using the SAM (Significance Analysis 137 of Microarrays) test. Genes with a p-value <0.05 and a 'degree of freedom' (dof) of three were 138 considered as being significant. Known metal-resistance genes (based on transcriptomic and proteomic 139 data and/or mutant analyses) were considered down-or up-regulated when the expression ratios were 140 at least -2 or +2. For the numerous hypothetical/unknown genes, we focus mainly on those with 141 expression ratios below -3 and above +3. 142
The expression ratios are reported in Table 2a (pMOL28) and Table 2b Tables 2a and 2b) and  159 include, for every annotated ORF, the microarray expression data from cultures grown in the presence 160 versus absence of seven different metals. 161
162
Plasmid pMOL28 163
pMOL28 shares a common core for basic plasmid functions with pHG1 (chemolithoautotrophy; R. 164 eutropha H16) and pSym (legume symbiosis; R. taiwanensis): 165 pMOL28 contains genes for DNA replication (39), maintenance, and plasmid transfer (trb and pil), 166 (26, 33) (Fig 1a) that are mostly syntenic and highly identical with the corresponding genes of pHG1 167 (13, 38) (Fig 2) and pSym plasmid of R. taiwanensis LMG19424 ((4) and C. Masson, pers. comm.) . 168
Seventy-nine pMOL28 genes correspond to a continuous syntenic piece of pHG1, beginning with repA 169 parB parA uvrD 1 , trb genes, pil genes, ssb, pri, parB 2 and finishing with sbcD sbcC. Yet the similarity 170 between the repA parB and parA orthologs is quite weak (around 27%), while for most of the other 171 genes of the synteny, the similarity is around 80% (ssb and pri, most trb genes). As shown in Fig 1a,  172 an insertion of 13 genes in pMOL28 separates the cluster sbcC-parB 2 from the cluster ssb. This 173 insertion contains a xerD gene (site-specific recombinase) and ends with three rhs-like genes rich in 174 YD motifs whose function is unknown (RHS elements are proteins of non-essential function believed 175 to play an important role in the cell's natural ecology). The protein sequences include a highly 176 conserved 141 kDa domain containing multiple tandem 22-residue repeats, followed by divergent C-177 terminal domains (12, 16). The 22 residue repeats contain a YD dipeptide, the most strongly conserved 178 motif of the repeat. 179
A C C E P T E D
The organisation of the cluster of pilus biosynthesis genes largely resembles that of the Salmonella 180 enterica var typhi plasmid R64 pil operon (34, 38).The region for conjugative gene transfer recalls the 181 organization of the plasmid RP4 Tra2 region (38), although the percentage of protein sequence 182 similarity between the putative orthologs is weak. For pilus biosynthesis, pSym and pHG1 are 183 completely syntenic, while pMOL28 lacks pilO and pilS. The organisation of the three plasmids, 184 pMOL28, pSym, and pHG1 points to the existence of a common family supporting very different 185 functions but having a common backbone with the basic functions of a plasmid (Fig 2) . Besides the rearranged IS1071, plasmid pMOL28 contains one copy of IS1086 (11) and of 206 ISRme9 (Table 1 Suppl. data). The genes yacA and yacB, highly similar to putative orthologs found in 207
IncPβ Β8 plasmid (37) encoding for toxin/anti-toxin system, also were identified between the IS1071-208 based structure and merR. The function of these genes could be related to maintaining the stability of 209 the genomic island rather than to that of the plasmid. 210 211
Expression of pMOL28 metal resistance genes 212
The entire cnr cluster was induced in the presence of Ni(II), but surprisingly, also by Cu(II) 213
and Cd(II). We noted the induction of cnrX, cnrA, and cnrB after adding Pb(II), and of cnrH with 214 Zn(II). Yet, we observed no involvement of the cnr cluster in resistance to Cu(II) or Pb(II), although 215 cultures fully induced by Ni(II) or Co(II) displayed some resistance to Zn(II) and Cd(II) (5). However, 216 it was found that the insertion of IS elements into the regulatory genes cnrY or cnrX resulted in the 217 constitutive expression of cnrCBAT (5, 42) that led to very high resistances to Co(II) and Ni(II), but 218 also to medium resistance to Zn(II). 219 Pb(II). chrI is predicted to be anchored to the inner cell membrane and has two lipoprotein domains, 223
A C C E P T E D
suggesting it is a membrane-bound regulatory protein (like cnrY and cnrX (42)). 224
The genes merRTPADE involved in mercury resistance show 100% sequence identities 225 between the transposons Tn4378 and Tn4380. The tnpA and tnpR genes involved in transposition and 226 the orf-2 gene have, respectively, a sequence similarity of 69%, 88%, and 93% with their Tn4380 227 counterparts. The divergence of tnpA, tnpR, and orf-2 in the two transposons has enabled the design 228 transposon-specific probes, although the induction levels for the mer genes cannot be discriminated. 229
The mer genes were the only ones to be induced by mercury. However, they also were strongly up-230 regulated by Zn(II), Cd(II), and Pb(II). The genes involved in transposition (tnpA, tnpR, and orf-2) also 231 were induced by Cd(II) and Pb(II). 232
233
Responses to heavy metals of hypothetical and unknown genes in pMOL28 234
Besides the genes described above, fifty other genes were up-regulated more than two times 235 after exposure to a metal; among them, twelve were up-regulated more than three times (Fig 3) . 236 237
Plasmid pMOL30 238
Plasmid maintenance and replication genes 239
The parA, parB, and a repA genes (Fig 1b) strongly differ (11 to 19% of sequence similarity) from 240 their pMOL28 orthologs. Plasmids pMOL28 and pMOL30 clearly belong to very different plasmid 241 incompatibility (Inc) groups, as both are stably maintained in each other presence. pMOL30 parAB are 242 highly similar to their equivalents in Burkholderia vietnamiensis G4 as well as a helicase gene (uvrD) . 243 Other genes important for plasmid maintenance and mobility were found on a 15 kb fragment located 244 at ~140 kb from the parAB genes: 245 i)stdB encodes an anti-toxin protein, but so far, the associated toxin gene had not been found 246 ii)Three genes, traW, traU and trbC (orthologs of IncF plasmids) that may be considered as related to 247 plasmid transfer. Plasmid pMOL30 itself was observed to transfer at very low frequency 248
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iii)The dsbC gene encoding a disulfure bond isomerase located on pMOL30, which could be involved 249 in the resistance to copper (17) (M. Berkmen, pers. comm.) . Yet no metals have induced dsbC under 250 any condition. 251
252
Mobile genetic elements and genomic islands 253 pMOL30 contains two copies of ISRme3 (the most represented IS element in the C. metallidurans 254 genome with 10 copies), one of ISRme10, and one copy of TnRme2 that we already described in the 255 section on pMOL28. This TnRme2 is inserted in the pbrU gene. Between the czc and pbr operons, 256 there is also a recombinase-rich region containing ISRme3, three genes encoding a ser/tyr 257 recombinase, and nine ORFs from five truncated IS elements (Fig 1b) . pMOL30 contains 12 ORFs 258 from truncated IS elements. Surprisingly, some of them were induced by heavy metals. orf102 was 259 induced by Zn(II) (7.3 fold), Cd(II) (20.1 fold), Cu(II) (2.4 fold), Ni(II) (5.9 fold), and Pb(II) (3.5 260 fold). orf103 was induced by Zn(II) (2.4 fold), Cd(II) (3.6 fold), Ni(II) (2.5 fold), and Pb(II) (2 fold). 261 orf157 and orf158 were also induced by Cd(II). 262 IS3 elements contain two ORFs: one encoding a protein with a defined DNA-binding domain and one 263 that encodes the catalytic site with characteristic aspartyl and glutamyl residues. orf103 and orf157 264 display a fairly intact DNA-binding motif while the catalytic site is largely deleted in orf102 and 265
orf158. 266
As in pMOL28, genes involved in heavy-metal resistance seem to be concentrated in areas delimited 267
by genes belonging to mobile genetic elements (MGEs). The first region, containing the czc and pbr 268 and predicted to be located in the inner membrane, should be included in the pbr cluster (although it is 301 knocked-out as described above). Examination of the upstream sequence shows the presence of a 302 promoter (pbrU P ) GTGAATTCATTCGAGCGCCCGATTTAAC) that is highly similar to the promoters of pbrA 303 and pbrR (GTGTATTCATCTCGCGTTGCCGATTTAAC ). 304
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The complete pbr cluster (except pbrR) was up-regulated in the presence of Pb(II) [with a major 305 induction of pbrA (7.3 fold)] and Cd(II) ( Table 2b ). The truncated pbrU had the same expression 306 pattern as the rest of the pbr cluster, with induction by Pb(II) and Cd(II) . 307 308
c. Tn4380 and its mer operon: 309
The tnpA gene (encoding a transposase) is induced 2.15 fold by Cd(II), whereas tnpR (resolvase) is 310 induced by Zn(II) (2.4 fold), Cd(II) (6.89 fold), Pb(II) (4.38 fold), and Hg(II) (2.41 fold). urf-2 311 (unknown function) was induced when exposed to Cd(II) (2.73 fold) and Pb(II) (2.75 fold).The 312 expression of merRTPADE genes was discussed in the pMOL28 section. 313
On pMOL30, an incomplete mer cluster (merRTP) was discerned (Fig 1b: region 65 kb -67 kb 314 from parA). Its genes showed between 40 to 50 % protein similarity with their Tn4378 and Tn4380 315 counterparts. They were not induced under any of the experimental conditions and likely are non-316 The 19 cop genes of pMOL30 are highly induced by Cu(II) (from 2.2 to 21.6 fold) confirming 326 previous data (27). They are also induced by Zn(II), Cd(II) and Ni(II), while Pb(II) induced copF, 327 copR 1 , copS 1 , copK , copM and copT. Microarray data also indicate that the cluster includes some of the 328 neighbouring genes (especially outside copE) (Table 2b ). This larger cluster of copper-response genes 329 would contain 33 genes, from copV to ubiE (encoding a putative methyltransferase), including the cop, 330 gtr 2 and sil genes (Fig 1b) . The cop and sil genes encode the efflux/resistance mechanisms required for 331 detoxifying the cytoplasm and periplasm. Other researchers found equivalents of the silCBA genes on 332 the megaplasmid of R. solanacearum (24). Proteomic data revealed that SilB and SilC were over-333 expressed in the presence of Cu(II) and Ag(I) (24). 334
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The gtr 2 cluster is required for lipopolysaccharide exposition on the outer membrane (20) 335 336
Response of pMOL30 hypothetical and unknown genes to metal exposure 337
Besides the genes involved in heavy-metal resistance, eighty-five genes were up-regulated 338 more than 2 fold, and 32 of them more than 3 fold. From the latter group, the function of 17 is 339 unknown function, and ten of them are unique for C. metallidurans according to the current databases 340 (Fig 3) [e. g. ORF231, located in the island flanked by ISRme3 and its putative remnant, is up-341 (24), identified a few additional ORFs within these clusters, and described 347 plasmid maintenance and transfer genes, as well as IS elements. However, the function of most of the 348 newly described genes remains hypothetical or is unknown. Although these findings might have 349 genetic elements might have evolved in such a way (44) . 373
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An intriguing feature of the microarray data was the multiple-metal responses exhibited by 374 several genes belonging to the cop, cnr, mer, and pbr loci. These genes inevitably were induced by 375 their expected substrate, but also by other metals. Most notably, mer genes were activated in response 376
to Cd(II) and Pb(II), cop genes in response to Zn(II), Cd(II), and Ni(II), while the expression of the cnr 377 genes rose in response to Cu(II) and Cd(II), usually by the same order-of-magnitude irrespective to 378 which metal was tested. These observations contrast with the more specific metal responses that 379 previously were noted with gene fusions (biosensors) (6, 7, 32, 42, 43) . The responses of these gene 380 fusions, made with pMOL28 and pMOL30 as various in vivo and in vitro constructions, mostly rely on 381 bioluminescence. Indeed, they were mostly elicited by the metallic substrates of the corresponding 382 resistance proteins (6, 7, 32, 42, 43) . This apparent contradiction may mainly reflect the differences in 383 the timing of the responses to metal induction; thus the luminescent responses of the gene fusions are 384 observed only after a couple of hours while the results from Q-PCR or microarrays correspond to a 30-385 min pulse. Nonetheless, data reported with cnr genes and cnr-lac fusions (32) are consistent with the 386 concept of a multiple-metal response (e.g. the up-regulation of cnr genes in the presence of Cu(II) 387 although this metal is not a substrate of cnr), the experimental detections after short times of exposure 388 (10 min) (32), followed by a more specific response (up-regulation in the presence of Ni(II) or Co(II) 389 that are the main substrates of cnr) when cells are exposed to those metals for longer (32) . 390
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Thus, multiple metal responses could be transient phases in a global resistance to heavy metals, 391
with an early stage of multimetallic upregulation of the metal-resistance genes followed by a more 392 substrate-specific response directed towards the particular metal. These apparent different phases 393 involved in the response and resistance to heavy metals need to be further investigated by detailed 394 kinetic studies during exposures. Recently, such an analysis was performed in copper-induced P. 395 aeruginosa cultures (40). For now, we hypothesise that such layered multiple responses would mean 396 that the heavy-metal resistance genes are controlled by various regulatory pathways with different 397 regulators, each responding to several metals. The genes for these regulatory circuits could be located 398 on the two plasmids, but also on the larger replicons. 399
Alternatively, highly specific sigma factors may be involved. Currently, eleven sigma factors 400 have been recognised in C. metallidurans CH34, half of which are up-or down-regulated in the 401 presence of heavy metals; furthermore, deleting five of them caused a decrease in heavy-metal 402 resistance (D. Nies, pers. comm.) . The only sigma factor encoded on a plasmid (pMOL28), cnrH, is 403 induced in presence of Cu(II), Cd(II), Co(II), or Ni(II) (D. Nies, pers. comm.; this study). The cellular 404 defence mechanisms of C. metallidurans against heavy metals might encompass several stages 405 implying a response to various signals, some being distinct from the substrates of the detoxification 406 genes, with the corresponding genes located on the various replicons. 407
In both plasmids, mobile genetic elements may have participated in acquiring genes involved 408 in heavy-metal resistance. In pMOL28, the metal-resistance island is flanked by inactivated IS 409 elements of the IS3 family (IS1071). 410
In pMOL30, the metal-resistance genes are grouped in two putative islands separated by a 411 small region of 13 kb that contains some tra genes that might have belonged to the pMOL30 backbone 412 before the acquisition of the "islands" (Fig 1b: region 130 kb -140 kb from parA). These islands, as 413 well as the pMOL28 island, do not seem to be mobile, which might reflect an ancient acquisition. 414 For all the heavy metals tested, microarrays showed that the genes most up-regulated were 415 located on the two plasmids. But many chromosomal genes and ones on the megaplasmid also are up-416 regulated. It would be interesting to compare these responses with the microarray data already reported 417 for E. coli (19) and for P. aeruginosa (40) after exposure to copper. Those microarray data (and likely 418 those from the CH34 chromosome and the megaplasmid) give an overview of possible microbial 419 responses from moderate to high concentrations of heavy metals. pMOL28 and pMOL30 gene-420 expression data probably describe the bacterial reaction to the most acute viable metallic stress for 421 mesophilic heterotrophs growing at neutral pH. Classic metal-resistance genes are only a part of the 422 gene arsenal on which bacterial survival depends. We expect that the transcriptomic data in this study 423 will form the stepping-stone for additional research on the unknown and hypothetical genes -in the 424 form of proteomics, mutagenesis, and phenotypic analyses. (Fig 1a) and pMOL30 (Fig 1b) 580 Plasmids pMOL28 and pMOL30 displaying gene expression data under various metal 581 conditions. The sequences of both plasmids start at the ATG of the parA gene that is oriented clock-582 wise. The innermost circle is a GC Deviation Plot and represents the mean centered GC content 583 (purple: above mean; orange: below mean) using a window size of 500 nt and 250 nt window overlap. The two tables summarize the number of down-and upregulated genes with two thresholds: 610 more than two-fold, and more than three-fold induction. Results are given for both plasmids and for all 611 tested metals (Cd(II), Co(II), Cu(II), Hg(II), Ni(II), Pb(II), Zn(II)). The row 'All' represents the 612 number of down-or upregulated genes in the presence of at least one of the metals. The pie graph, 613 displays the proportion of genes upregulated more than three times, as a function of their COG class. 614 
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